In his seminal paper, Chua presented a fundamental physical claim by introducing the memristor, "The missing circuit element". The memristor equations originally supposed to represent a passive circuit element because, with active circuitry, arbitrary elements can be realized without limitations. Therefore, if the memristor equations do not guarantee that the circuit element can be realized by a passive system, the fundamental physics claim about the memristor as "missing circuit element" loses all its weight. Recent work of Chua indicates that certain type of memristor features may imply an active device. To make the question more physical, we incorporate thermodynamics into the study of this question. By using the Second Law of Thermodynamics and thermal noise, we prove that the memristor model represents an active device for an infinitely large number of cases of memristor functions M; particularly, any power function with an odd power exponent, including the situation of linear M. This situation implies rectifier features and, according to the Brillouin paradox, driving a passive circuit element of rectifying feature with thermal noise would allow the construction of perpetual motion machines. The memristor equations require an active device at infinitely many situations. † Corresponding Author
Introduction: the abstract memristor model
In 1971, Chua introduced a new circuit element [1] that, to be fundamentally interesting, was supposed to be a passive device. The mathematical model interrelates the time-integral of the voltage (voltage flux) on the memristor Φ = U t ( ) dt ∫ (1) with the time-integral of the current (charge) through the device q = I t ( ) dt ∫ (2) as follows:
where M (q) is the memristor function. One of the most fundamental questions about Chua's memristor model (Equations 1-3), is if it indeed always represent a passive device, or if there are situations where the realization of a memristor function requires an active device. With active circuitry, arbitrary elements can be realized without limitations. Therefore, if the memristor equations do not guarantee that the circuit element can be realized by a passive system, the fundamental physics claim about the memristor as "missing circuit element" loses all its weight.
Recent work of Chua [2] indicates that certain type of nonlinear features imply an active device.
In this paper, to make the question more physical, we incorporate thermodynamics into the study of this question. By using thermal noise and the Second Law of Thermodynamics, we prove that the memristor model represents an active device at an infinitely large number of cases of memristor functions M. We prove that any power function with an odd power exponent, including the situation of linear M, requires an active device. This situation implies rectifier features. Driving such a memristor with the thermal noise of a resistor would allow the construction of perpetual motion machines, an unphysical situation that was pointed out already by Brillouin [3] .
At odd power function M, the memristor model has rectifier features
Let us address arbitrary time dependence and rewrite Equation 3 as
with a power function memristor function
where A is a constant and the N exponent is an integer number.
i) First, let we study the memristor response to positive bias.
Assume that, at time t = 0 , the initial memristor condition is q 0 ( ) = 0 . From then on, the memristor is driven by a DC current generator of current I 0 > 0 . The time function of the charge is:
From Equations 1,4,5, we obtain that the time integral of the voltage is
where the + index in Φ + is the index of the positive current situation.
ii) Now, we are repeating the same process as at (i) above with the same initial conditions while alternating the polarity of the current generator, that is, I 0 < 0 . Then the same derivation leads to:
where the -index in Φ − is the index representing the negative current situation.
It is obvious that, whenever the exponent N is odd, both the fluxes are positive and they show an identical evolution
and that this memristor is a nonlinear rectifier that generates a positive DC voltage component from any current with arbitrary polarity and non-zero absolute value. In this case, Equations 7-9 indicate a rectifier feature with positive response against arbitrary AC current drives. Figure 2 shows some examples at various constant current drives, when the memristor coefficient A = 3 V/A 2 s, and N=1. Similarly, at other odd N values, that is, in an infinite number of cases, the flux is also always positive and it is an even function, representing a memristor response with rectification properties.
Perpetual motion machines
Brillouin [3] pointed out that with a passive rectifying device, one can construct a perpetual motion machine by rectifying the thermal noise of resistors. The core circuitry one of these perpetual motion machines is shown in Figure 3 . The thermal noise current I t ( ) of the shunt resistor drives the memristor and the parasitic capacitor integrates the voltage and limits the noise bandwidth. On the contrary of the random time function and sign of the thermal noise current, the voltage on the capacitor will stay positive. Such rectifier circuits in a series arrangement could charge a battery to drive an electrical motor, as pointed out by Brillouin [3] who argued that passive rectification of thermal noise would lead to perpetual motion machines.
The only way to resolve the violation of the Second Law is to discard the assumption that, in the case of odd N exponents, the memristor is can be a passive device. On the contrary, in the infinite number of cases with odd N, the memristor must be an active device. The energy necessary to drive the active devices must cover for the restoring the Second Law of Thermodynamics.
Conclusion
The memristor Equations 1-3 do not represent a complete description of the physics of memristors. For example, its thermodynamics is not determined by these equations. To make the picture more physical and to be able to decide if the device can indeed be realized by a passive system, we expanded the system to allow thermodynamic considerations.
By using thermal noise and the Second Law of Thermodynamics, we proved that the memristor model requires an active device at an infinitely large number of cases of memristor functions M. We proved that any power function with an odd power exponent, including the situation of linear M, requires an active device. This situation implies rectifier features. Driving such a memristor with the thermal noise of a resistor would allow the construction of perpetual motion machines, an unphysical situation that was pointed out already by Brillouin [3] .
In conclusion, the memristor equations cannot define a the "missing passive circuit element" because, in infinite number of cases, the memristor realization requires an active system otherwise the Second Law of Thermodynamics is violated.
It is obvious that there is a much larger class of memristor functions leading to rectification effects (and to active device features) than the set of power functions with odd exponents. We save this question for future studies.
